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Matej Babič 1, Dragan Marinkovic 2 , Marco Bonfanti 3 and Michele Calì 3,*

1 Faculty of Information Studies, 8000 Novo Mesto, Slovenia; matej.babic@fis.unm.si
2 Institute of Mechanics, Technical University Berlin, 10632 Berlin, Germany; dragan.marinkovic@tu-berlin.de
3 Department of Electric, Electronics and Computer Engineering, University of Catania, Viale A. Doria 6,

95125 Catania, Italy; marco.bonfanti@unict.it
* Correspondence: michele.cali@unict.it

Abstract: Nowadays, laser hardening is a consolidated process in many industrial sectors. One of
the most interesting aspects to be considered when treating the surface-hardening process in steel
materials by means of laser devices is undoubtedly the evaluation of the heat treatment quality and
surface finish. In the present study, an innovative method based on fractal geometry was proposed to
evaluate the quality of surface-steel-laser-hardened treatment. A suitable genetic programming study
of SEM images (1280 × 950 pixels) was developed in order to predict the effect of the main laser
process parameters on the microstructural geometry, assuming the microstructure of laser-hardened
steel to be of a structurally complex geometrical nature. Specimens hardened by anthropomorphic
laser robots were studied to determine an accurate measure of the process parameters investigated
(surface temperature, laser beam velocity, laser beam impact angle). In the range of variation studied
for these parameters, the genetic programming model obtained was in line with the complexity index
calculated following the fractal theory. In particular, a percentage error less than 1% was calculated.
Finally, a preliminary study of the surface roughness was carried out, resulting in its strong correlation
with complex surface microstructures. Three-dimensional voxel maps that reproduce the surface
roughness were developed by automating a routine in Python virtual environment.

Keywords: surface roughness; fractal geometry; 3D voxel map; laser beam process parameters;
genetic programming

1. Introduction

Laser thermal hardening is a recent technique that has been effectively used to harden
the surface layers of metallic materials [1–3]. During the thermal hardening of metals and
alloys, the heating of the required area of the irradiation surface causes instant cooling
due to the removal of heat from the internal cold layers of the metal. The reduction in the
additional processing volume of the material, the absence of a separate cooling process, and
the ability to minimize inhomogeneous three-dimensional parts and complex geometries
are the main advantages of this process over other common techniques, making it suitable
for numerous industrial applications [4–7]. Dinesh et al. [8] investigated laser hardening,
identifying its advantages over conventional hardening techniques.

Recent advances in laser technologies have given rise to new research insights [9–11].
The increased capacity of data processing in real time has allowed the updating of the
laser radiation parameters during the thermal hardening phase, significantly improving
the robotic systems above all as to the positioning and speed of the pieces in industrial
applications. Indeed, the automatic and proportional adjustment of the irradiation power
avoids unwanted overheating, which would affect the results of the thermal hardening
process.

The hardening and tempering of steel tools, on the one hand, improve the mechanical
properties of the microstructure; on the other hand, they determine the final residual stresses

Appl. Sci. 2022, 12, 2458. https://doi.org/10.3390/app12052458 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12052458
https://doi.org/10.3390/app12052458
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3583-9434
https://orcid.org/0000-0001-8753-8804
https://doi.org/10.3390/app12052458
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12052458?type=check_update&version=1


Appl. Sci. 2022, 12, 2458 2 of 13

and the ultimate dimensions of the piece [12,13]. Some microstructural investigations
performed on hardened materials have revealed a close link between microstructure,
micromagnetic parameters, and wear rate [14–16]. Due to the physical interaction of the
microstructure with the magnetic field, significant changes in the microstructure have
been observed. These were associated with wear, such as phase transformation and
development of residual stresses. Finally, recent research has correlated internal stresses
and distortions with the thermo–mechanical–metallurgical interactions that occur during
heat treatment [17–19].

By analyzing the influence that some robotic process parameters have on the geom-
etry of the final microstructures and on the surface roughness of heat-treated materials,
this research work aims to improve the laser processing of these materials through the
application of robotic technologies. Special attention was focused on robot laser hardening
(RLH), which makes it possible to produce many welding configurations accurately by
continuously varying both the angles relative to the shaping of the laser beam with the
piece and the surface temperature during heat treatments.

In the present study, it has been assumed that the microstructure of laser-hardened
materials depends on complex structural geometry and the modeling of this complexity
can be performed through fractal geometry [20].

Recent studies show that fractal geometry can be successfully applied to describe
fracture surfaces on various engineering materials (concrete, steel, etc.), molybdenum,
and rocks, but also on composite materials in different length scale ranges and even in
plasmonic metamaterials [21].

Numerous independent process parameters, such as laser power, laser beam speed
and temperature, laser beam impact angles, etc., determine the geometric complexity of the
microstructure. Since each of these parameters is related in a different way to the surface
properties of the material (in particular to hardness, wear resistance, and residual stresses),
it is difficult to identify their effects on complexity. In this regard, some authors have shown
in previous research work that hardness increases with temperature at low speed [22].
However, they have not found a direct relationship between temperature and complexity.
Nevertheless, the adoption of suitable machine learning (ML) algorithms, which make it
possible to predict hardness values comparable to experimental ones, highlighted a strong
correlation between complexity and hardness. Therefore, the evaluation of the complexity
of the microstructure is an important step to characterize the surface properties of materials,
without having to resort to experimental investigations, which are time-consuming and
entail higher costs.

Fractal dimension (FD), which was first used by F. Hausdorff as an indicator of
complexity, constitutes the topological invariant of each fractal structure, a special type of
symmetry, expressed by a non-integer, and a fraction rather than a whole number in many
fields of natural and technological sciences [23–28].

In our study, a replicable procedure based on the calculation of the FD complexity index
was developed to evaluate the complex geometry of the microstructures of RLH materials
when the process parameters change, yielding results in keeping with experimental data.
The study is divided into the following five sections:

Section 1 describes a survey on recent scientific research concerning laser thermal
hardening and its effects on the surface microstructures. In this section the authors specified
assumptions and the aim of the work.

Section 2 shows in detail the instruments and methods used to perform the experi-
mental tests, describing the process parameters (laser beam velocity, surface temperature,
and impact angle) investigated and the calculation of the FD complexity index.

Section 3 is dedicated to the explanation of the method used to predict the complexity
factor, through the proposal of a new equation synthesizing the genetic programming
model. The computational model, which is derived from the genetic programming ap-
proach and adopted to model the data, is described. A preliminary study of the surface
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roughness was carried out, resulting in its strong correlation with complex surface mi-
crostructures.

Section 4 is focused on the statistical analysis of the data: the repeatability of the
calculated complexity method was proved and a valid correspondence between calculated
and predicted values was found.

Section 5 summarizes the main results obtained, highlighting the limits of the fractal-
based analysis in practical applications and also identifying further insights into the pro-
posed methodology.

2. Materials and Methods

Below (Section 2.1), the experimental setup used for the steel-RLH surface microstruc-
ture analysis is illustrated. In Section 2.2, the methodology follows, based on SEM image
analysis through genetic programming. Finally, in Section 3, the development of the intelli-
gent system based on genetic programming for the prediction of RLH complex structural
geometry is described.

2.1. Experimental Setup

As far as the procedure followed in the research work is concerned, a laser cell,
equipped with an RV60-40 robot (produced by Reis Robotics Company, KUKA AG,
Zugspitzstraße 140, 86165 Augsburg, Germany) (Figure 1a) was used to harden steel
standard tools labeled EN 100083-1. The maximum power of the laser cell was 3000 W.
Several dozens of specimens were hardened with an output constant power of 1500 W,
with spot size 8 × 13 mm. This controls the position of the laser head and, consequently,
the orientation of the laser beam of the diode laser source. The advantage of the source
used was that the manufacturing cell was characterized by a thermal scanner by means
of which the surface temperature produced in the heat treatment process was detected
and accurately measured. In this way, all the specific process parameters studied were
controlled during tests. The parameters analyzed in the study and their variations were:
(1) laser beam velocity (v), variable between 2 and 5 mm/s; (2) surface temperature (T),
variable between 1373 and 1673 K; (3) impact angle (ϕ), variable between 30◦ and 150◦.

Furthermore, since there is no contact between the beam diode and the hardened
specimens’ surface, the authors considered that any robot vibrations can be valued as
negligible with respect to the process parameters studied.

Each laser-hardened specimen was etched and polished at the Ljubljana Institute of
Metals and Technology (IMT) and then studied with a JSM-7600F SEM microscope pro-
duced by JEOL Company at the Ljubljana Jožef Stefan Institute (IJS). The impact angle
parameter is expressed with two corresponding notations: the first notation (angles indi-
cated as ϕ, as shown in Figure 1b) fixes the origin on the side of the hardened surface and
considers the angles as positive because they are generated by a counterclockwise rotation
of the laser beam. The second notation (angles indicated as X3) reports positive values
when the horizontal component of the laser beam agrees with the forward velocity of the
laser beam (Figure 1c) and negative values when the above-mentioned component is in
opposition to the forward velocity (Figure 1d).

Therefore, the angular value of ϕ = 150◦ according to the first notation is equivalent to
the angular value of X3 = −30◦ according to the other notation and X3 = 90◦ coincides with
X3 = −90◦. The second notation is useful to highlight whether the laser beam agrees with
or is in opposition to the forward velocity and will be used below.

The changes in the impact angle were forward ϕ ∈ [90◦, 150◦] and backward
ϕ ∈ [30◦, 90◦]. In a preliminary sensitivity analysis, it was found that the above-mentioned
parameters had the strongest impact on the final surface geometrical microstructures.

Using JSM-7600F, the field emission scanning electron microscopy (SEM) identified the
images which were employed to characterize the material microstructure both before and
after the implementation of the surface treatment. The microstructure of laser heat-treated
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steel was clearly identified through the initial solution with which the specimen surface
was arranged and etched. The magnification used was 5000 (Figure 2).
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Figure 2. Microstructure of a laser-hardened specimen.

The analysis of the surface microstructure was carried out in the proximity of the laser
heat-treated zone classified as parent material (PM), positioned outside the laser affected
zone (LAZ) (Figure 1b). Within the LAZ microstructure, partially transformed martensite
was traced at the boundary with the martensite transformation being complete at the
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center of the laser-treated zone; this transformation was revealed along with alloy carbides
with evidence of distinct grain boundaries. The penetration depth of the laser hardening
depends on the type of steel, on the working temperature, and on the laser beam velocity.
Overlapping areas could be created, as a result of several adjacent turns of the laser beam,
where the microstructural complexity changes with respect to the single-turn areas. The
present work focused on studying the microstructural complexity of the hardened surface
layer in the single-turn areas.

Due to the thermal strains, that occur during the process of heating and cooling, and
the volume changes involved in local transformation from austenite to martensite, residual
stresses arise for about 1 mm of depth below the hardened layer [29]. This depth value can
be reasonably considered valid for all specimens used in this study.

The surface microstructure of laser-hardened specimens is very complex. Because of
the highly irregular and complex shapes produced, it is extremely difficult and mostly even
virtually impossible to describe the microstructure of hardened specimens by means of
Euclidian geometry [30]. The fractal geometry method was therefore used since it can be
successfully applied to describe quite complex geometrical objects.

Fractal geometry is based on the idea of magnification invariance, which means that
the observed image is the same regardless of the magnification applied. A fractal is a
derivative of the Latin word fractus, which means broken, fractured, or unconnected. This
type of analysis established the same dimensions as those of self-similar fractals at each
magnification, differently from statistical self-affine fractals.

Self-affine transformations are also called shearing transformations. It may be un-
derlined that self-similarity space is a subset of the self-affinity one. Self-affine fractals,
including self-similar geometry, can be divided into self-similar, quasi self-affine, and
statistically self-affine, as shown in Figure 3. Fractal structure in laser-hardened specimens
occurred in distances of 5000×magnification and over (Figure 3c).
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cally self-affine.

Fractal dimension [23] is a property of a fractal that is preserved through all magnifi-
cations and is therefore well defined and, moreover, it tells us how complex a fractal is. A
fractal can be said to be a graphical solution of a mathematical equation or algorithm in a
complex plane. Fractals are shapes that are basically the same on all magnification scales;
they are self-similar. The statistical self-image of fractal forms is characteristic of the natural
world and can be used to simulate natural processes.

2.2. Data Mining and Processing

The hardened specimen surface microstructure can be evaluated as statistically self-
affine [24] in 2D space despite its high complexity and lack of self-similarity. By capturing
SEM images of laser-hardened surfaces under various magnifications, self-similar fractal
objects were obtained with a modification due to anisotropic transformations, as shown
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when converting a SEM image into a binary image. Figure 4 displays the three initial stages
of the production of a randomly recursive grid in 2D Euclidean space of size M = 3.
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The first operation was counting the black and white pixels for all the 3 × 3 matrices;
3 × 3 for each inner 1 × 1 box. The second was its repetition for all the 9 × 9 matrices
for each 3 × 3 box. The process was repeated afterwards including an increase of the
matrix and the box dimensions. The fractal dimension was then calculated for each SEM
image (1280 × 950 pixels) of the microstructure of the laser-hardened specimen (Figure 4a)
considering Equation (1):

lim
m→k

Dm =
n + b

n
= Dk (1)

where m indicates the dimension of the Mkxk matrix containing all the k × k pixels in the
SEM image; n is the number of the entire pixels forming the matrix; b indicates the number
of black pixels in the considered matrix; and Dk is the parameter relative to the geometric
complexity. Equations (2)–(4) illustrate the procedure described, which is also shown in
Figure 4b.

lim
m→3

Dm =
9 + 5

9
= 1.555 = D3 (2)

lim
m→9

Dm =
81 + 25

81
= 1.308 = D9 (3)

lim
m→k

Dm =
n + b

n
= Dk (4)

3. Complexity Prediction Model

Using genetic programming (GP) [31], a complexity computational prediction model
was developed. Efficiency of evolutionary computing relies on an artificial intelligence
approach [32]. In the present study, the following specific GP main parameters were used:
size of organism population; maximum number of generations; reproduction probability;
crossover probability; maximum permissible depth in the creation of the population;
maximum acceptable depth after the operation of crossover of two organisms; smallest
acceptable depth of organisms in generating new organisms; and tournament size used for
the selection of organisms. Table 1 shows the values of GP main parameters which give the
best combination of simulation times and results accuracy.

Table 2 illustrates the differently combined process parameters, from which a first set
of 24 specimens was derived. This first set of specimens were labeled as P1′ to P24′. In the
last column, the geometrical structural complexity index (CC) was calculated as previously
described in Section 2.2.

In order to make the methodology clearer, the set of tested specimens was divided into
six groups, each made up of four units. The selection of the process parameters was made in
such a way as to have similar complexity indices belonging to the same group. A difference
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between the odd groups and the even groups emerged: the former was characterized by
specimens tested at the same temperature values and with positive velocity and impact
angle values. The latter, on the other hand, were characterized by specimens tested at
the same temperature values but with negative velocity and impact angle values. It must
be said that the fact of inverting both velocity direction and impact angle did not affect
complexity; moreover, the analogy between the even groups and the odd groups was
detected. Thus, six specimens were tested under the same conditions which offered a
good reliability in relation to the evaluation criterion. The other five sets of 24 specimens,
denoted as P1n to P24n (with n = 2, 3, . . . , 6), were tested with variable impact angle when
both the surface temperature and the laser beam velocity changed.

Table 1. Main parameters of GP.

Parameter Values

Size of organism population 500
Maximum number of generations 100

Reproduction probability 0.5
Crossover probability 0.6

Maximum permissible depth in the creation of the population 7
Maximum acceptable depth after the operation of crossover of two organisms 10

Smallest acceptable depth of organisms in generating new organisms 3
Tournament size used for the selection of organisms 6

Table 2. Process parameters and complexity index for the first set of RLH specimens.

Groups of
Specimens Specimen

Temperature Velocity Impact Angle Complexity

(X1) [K] (X2) [mm/s] (ϕ) [◦] (X3) [◦] (CC) [-]

I

P1′ 1373.0 2.0 30 30 1.8681
P2′ 1473.0 3.0 60 60 1.8524
P3′ 1573.0 4.0 75 75 1.8275
P4′ 1673.0 5.0 90 90 1.8735

II

P5′ 1373.0 −2.0 150 −30 1.8916
P6′ 1473.0 −3.0 120 −60 1.8365
P7′ 1573.0 −4.0 105 −75 1.8921
P8′ 1673.0 −5.0 90 −90 1.8863

III

P9′ 1373.0 2.0 30 30 1.8809
P10′ 1473.0 3.0 60 60 1.8923
P11′ 1573.0 4.0 75 75 1.7253
P12′ 1673.0 5.0 90 90 1.8771

IV

P13′ 1373.0 −2.0 150 −30 1.8924
P14′ 1473.0 −3.0 120 −60 1.7952
P15′ 1573.0 −4.0 105 −75 1.8893
P16′ 1673.0 −5.0 90 −90 1.8846

V

P17′ 1373.0 2.0 30 30 1.8793
P18′ 1473.0 3.0 60 60 1.8552
P19′ 1573.0 4.0 75 75 1.8614
P20′ 1673.0 5.0 90 90 1.7721

VI

P21′ 1373.0 −2.0 150 −30 1.8832
P22′ 1473.0 −3.0 120 −60 1.8382
P23′ 1573.0 −4.0 105 −75 1.8718
P24′ 1673.0 −5.0 90 −90 1.8857

The X1 parameter indicates the temperature [K], the X2 parameter indicates the robot
laser beam velocity [mm/s], and the X3 parameter indicates the angles [◦] of the laser
beam by means of which the hardening of the specimens was produced. These were the
three process parameters which had the strongest influence on the surface microstructural
complexity.
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From the 24× 6 CC specimens’ evaluations, the following genetic programming model
(Equation (5)), able to predict the complexity of robot laser-hardened steel specimens, was
obtained.

Y = A
(

B +
1

X1
(X2 + X3 + C)

)
(−9.7938 + D + E) (5)

where:

A =
1

X2

(
2X2 +

1
X1

X3

)

B = −9.7983 +
X2 +

X2+
X1+X3

X3
2 +

X1+X3
X2 X3

X3

X2

C =

X3

(
−9.7938 + X2 +

X3

2X2−0.10210X3+
X3
X1

)
X1

D =
X3 +

(
−9.7938+ 1

X1
+X2

)
X3

X1

X1X3

E =

X2 − 0.10210X3 −
0.32354X3

(
X3+

X3
X2

)
X1

(
2X2−0.10210X3+

X3
X1

)
X2

To verify the effectiveness of the GP prediction model, 24× 6 evaluations of complexity
were made using the same process parameters (X1, X2, and X3) used in the experimental
tests. The results were summarized in Table 3 which shows the values of minimum,
maximum, and medium values obtained with the complexity GP prediction model.

Table 3. Minimum, maximum, and medium values obtained with the complexity GP prediction
model.

Specimen GPmin
(Y) [-]

GPmax
(Y) [-]

GPmed
(Y) [-] Specimen GPmin

(Y) [-]
GPmax
(Y) [-]

GPmed
(Y) [-]

P1 1.8620 1.9053 1.8808 P13 1.8620 1.9053 1.8808
P2 1.8342 1.8768 1.8527 P14 1.8342 1.8768 1.8527
P3 1.8433 1.8861 1.8619 P15 1.8433 1.8861 1.8619
P4 1.8580 1.9012 1.8768 P16 1.8580 1.9012 1.8768

P5 1.8620 1.9053 1.8808 P17 1.8620 1.9053 1.8808
P6 1.8342 1.8768 1.8527 P18 1.8342 1.8768 1.8527
P7 1.8433 1.8861 1.8619 P19 1.8433 1.8861 1.8619
P8 1.8580 1.9012 1.8768 P20 1.8580 1.9012 1.8768

P9 1.8620 1.9053 1.8808 P21 1.8620 1.9053 1.8808
P10 1.8342 1.8768 1.8527 P22 1.8342 1.8768 1.8527
P11 1.8433 1.8861 1.8619 P23 1.8433 1.8861 1.8619
P12 1.8580 1.9012 1.8768 P24 1.8580 1.9012 1.8768

Method result accuracy was studied in detail in the next section, where the calculation
of the statistical error (mean values and standard deviation) of the method was carried out
through an ANOVA.

It is worth noting that although the process of the laser heat treatment was simple, the
investigations revealed that the evolution of the microstructure during the laser-hardening
process was rather complex. The main objective of this research work is to show to
what extent different angles of laser beam have an impact on the complexity factor of the
microstructure of laser-hardened specimens. In this regard, the new method proposed
made it possible to determine the same complex structure. What emerges is that the
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microstructure was not self-similar but statistically self-affine. Therefore, this research
study describes the new and more complex situation that prevails for fractal curves that
are not self-similar but self-affine.

Roughness measurements on the specimens’ surface were performed by adopting pro-
filometry techniques and using a computerized contact profilometer, Hommel Tester T1000
(Hommelwerke GmbH, Schwenningen Germany) [33,34]. In the temperature range from
1373.0 to 1673.0 K, it appears that surface roughness increases with the increasing of temper-
ature and decreases with the increasing of laser beam velocity. A quantitative assessment
was not reported in the present manuscript because the performance of additional measures
was deemed necessary as it ensures the statistical reliability and repeatability of the results.
However, a first reliable qualitative assessment was found, and it is shown below.

Using the pixel content of the SEM images it was possible to establish a correspondence
between the complexity index described in Section 2.2, the Y parameter, and the roughness
of the RLH surface.

A 3D reconstruction with a 3D voxel map that reproduces the surface roughness was
developed by automating a routine in a Python environment. The following logical steps
were performed:

(1) All 3 × 3 pixel matrices in the SEM image were evaluated and divided into three
groups: totally black matrices, where all nine pixels were black; almost black matrices,
where eight pixels were black and one pixel was white; hemi-black matrices, where two
or more pixels were white.

(2) Each square surface of 10 × 10 pixels was extruded into a 3D voxel (0.18 × 0.18 ×
0.18 µm cube), forming the layer 0 of the 3D reconstruction.

(3) The areas with percentages of totally black matrices lower than 30% were associated
with layer 0; the areas with percentages of totally black matrices plus almost black matrices
ranging from 30% to 50% were associated with layer 1 (higher than layer 0 by one
voxel); the areas with percentages of totally black matrices plus almost black matrices
between 50% and 70% were associated with layer 2 (higher than layer 1 by one voxel);
the areas with percentages of totally black matrices plus almost black matrices between
70% and 90% were associated with layer 3 (higher than layer 2 by one voxel); and
finally, the areas with percentages higher than 90% in totally black matrices plus almost
black matrices were associated with layer 4 (higher than layer 3 by one voxel).

(4) Labeling the layer 0 areas with a blue color, the layer 1 areas with a cyan color, the
layer 2 areas with a green color, the layer 3 with a yellow color, and the layer 4 with a
red color, the 3D voxel maps were obtained (Figure 5a,c).
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The length of the edges of the voxels and the elevation corresponding to the pixel groups
was established by considering that each pixel has a square area of 0.018× 0.018 µm.

The voxel map thus obtained allows the evaluation of roughness (Ra) and mean
roughness depth (Rt) and modeling of the surface through NURBS curves that interpolate
the upper vertices of the voxels (Figure 5d).

Experimental validation shows a relatively good agreement between the predicted and
measured values of mean roughness (Ra) and mean roughness depth (Rt), with errors lower
than 13% in many cases. Unfortunately, the developed method is not yet generalizable
to all the cases studied and does not provide an accurate quantitative correspondence.
Figure 5 shows an implementation of the developed method applied to a 750 × 500 black
and white pixel image (Figure 5b). In this case, the method made it possible to evaluate
Ra = 0.6 µm and Rt = 1.1 µm with an associated index CC = 1.8275.

4. Statistical Analysis of the Data and Results

As mentioned in Section 3, the sets of tested specimens can be grouped into four sets
of six units each. The specimens of each group were tested at the same surface temperature,
at the same speed of the laser beam in absolute value, and for equivalent impact angle
values.

An accurate statistical analysis was carried out, repeating the same measurements five
times on different specimens in order to better understand the results found.

Table 4 shows the mean value and the standard deviation relative to the six values of
each set. A good level of repeatability of the calculated complexity method is proved by
the low values of the standard deviation (St. Dev.) compared with the mean values.

Table 4. Mean values and standard deviation of D parameter.

Set of Specimens CC Values Mean Value St. Dev.

Set 1 (1373 K; 2 mm/s; 30◦)

P1 1.8681

1.8826 0.0090

P5 1.8916
P9 1.8809
P13 1.8924
P17 1.8793
P21 1.8832

Set 2 (1473 K; 3 mm/s; 60◦)

P2 1.8524

1.8450 0.0316

P6 1.8365
P10 1.8923
P14 1.7952
P18 1.8552
P22 1.8382

Set 3 (1573 K; 4 mm/s; 75◦)

P3 1.8275

1.8446 0.0630

P7 1.8921
P11 1.7253
P15 1.8893
P19 1.8614
P23 1.8718

Set 4 (1673 K; 5 mm/s; 90◦)

P4 1.8735

1.8632 0.0449

P8 1.8863
P12 1.8771
P16 1.8846
P20 1.7721
P24 1.8857
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Maximal complexity (1.8924) occurred for specimen P13. Specimen P13 was hardened
with 2 mm/s, 1373 K under laser beam angle of 30◦. Minimal complexity (1.7253) occurred
for specimen P11. Specimen P11 was hardened with 4 mm/s, 1573 K under laser beam
angle of 75◦.

Table 5 shows the comparison between calculated and predicted values, highlighting
the percentage error and taking the calculated method as reference. It has to be noted that
in both methods the highest values of complexity were obtained by operating under the
two extreme conditions: 1373 K, 2 mm/s, 30◦ and 1673 K, 5 mm/s, 90◦, respectively.

Table 5. Comparison between calculated and predicted values of RLH specimens’ complexity.

Set of Specimens D Mean Value GP Complexity Mean Value % Error

Set 1 (1373 K; 2 mm/s; 30◦) 1.8826 1.8808 0.095
Set 2 (1473 K; 3 mm/s; 60◦) 1.8450 1.8527 0.419
Set 3 (1573 K; 4 mm/s; 75◦) 1.8446 1.8619 0.940
Set 4 (1673 K; 5 mm/s; 90◦) 1.8632 1.8768 0.729

In addition, the percentage error made with the complexity prediction method was
found to be less than 1% under each working condition.

The prediction of microstructure in an arbitrary forming process must be correlated
with the level of phase transformation; in particular, the ferritic–austenitic transformation.
The impact of martensitic and ferritic structures on the mechanical and topographical
properties of materials was observed. It follows that once the microstructural geometry of
the laser-hardened materials is known, the mechanical and topographical properties of the
materials can be determined.

5. Conclusions

A new method to predict the surface microstructural geometrical complexity of robot
laser-hardened materials was presented. In particular, the proposed method made it
possible to determine the complex index of surface microstructures for RLH steel and
yielded an excellent degree of predictability in keeping with the experimental results.

From the study, it emerged that the steel-laser-hardened surface microstructure was
not self-similar but statistically self-affine. Therefore, this research study describes the new
and more complex situation that prevails for fractal curves that are not self-similar but
self-affine.

Due to the irregularity and complexity of the microstructure of laser-hardened surfaces,
fractal-based analysis requires accurate calibrations to develop an effective technology tool
for real-life applications. Therefore, the integration of genetic programming in the study of
the microstructures of RLH materials points to a new frontier in research.

A first reliable qualitative assessment to establish a correspondence between the
complexity index and the roughness of the RLH surface was carried out.

Other aspects, among which the influence of laser power and laser pulse frequency
have on microstructural complexity, remain to be investigated in future research in order to
achieve a complete understanding of any relationship between laser process parameters
and surface microstructural complexity.

Finally, a further step will consist of realizing a reliable quantitative correlation be-
tween complex surface microstructures and surface roughness in order to determine a
predictive model for the study of the mechanical properties of RLH materials.
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